INTRODUCTION
Transient permeabilization of the plasma membrane has been an useful strategy to study exocytosis (1) , signal transduction (2-4), protein traffic control (5, 6) , and protein transfer (7) (8) (9) (10) . Various cell poration methods include bead-loading (7), electroporation (8) , digitonin-permeabilization (5) , and Streptolysin O (SLO)-permeabilization (1 -4,6,9-11) . SLO is a cytotoxic 69-kDa protein produced by strains of Streptococcus pyogenes and other /3-hemolytic streptococci (9, 11) . Membrane pores produced by SLO are large enough for passive diffusion of protein molecules. We have used SLO-permeabilization to develop an in vitro transcription system to study the regulation of early response genes by exogenous nuclear proteins.
The promoters of many early response genes contain an essential DNA motif known as the Serum Response Element (SRE). Recent data has shown that this DNA sequence is recognized by Serum Response Factor (SRF) and its associated proteins (reviewed in 12). In vitro transcription of the c-fos protooncogene, one of the early response genes, has been studied in several laboratories (13 -16) . Although HeLa nuclear extracts could direct the faithful initiation of c-fos transcripts in vitro, a somewhat surprising result was that SRF did not stimulate transcription of the c-fos promoter more than SRF-depleted fractions (16) . One possible explanation of this result is that transcription on naked DNA templates may not fully reproduce in vivo regulation mechanisms on chromatin templates (17, 18, 19) . With our chromatin template-based system, we tested the ability of HeLa nuclear extracts, partially purified SRF, and SRFdepleted fractions to activate c-fos and SRE-dependent reporter genes. Our results demonstrated that this permeabilized cell in vitro transcription system could be a powerful method to study transcriptional regulation on chromatin templates in vitro.
MATERIALS AND METHODS

Cell culture
HeLa S3, and mouse NIH/3T3 cell lines were from American Type Culture Collection. HeLa suspension culture was grown in GIBCO Minimum Essential Medium (S-MEM) with 10% fetal bovine serum. Monolayer culture of NIH/3T3 was grown in GIBCO Dulbecco's Modified Eagle Medium with 10% fetal bovine serum. Stable transfectants of NIH/3T3 selected with G-418 were carried out as described previously (20) .
Streptolysin O permeabilization of quiescent fibroblasts
Mouse 3T3 fibroblast or a stable transfectant expressing the c-fos SRE directed CAT gene were grown to about 70% confluency and serum-starved for about 48 hours. Streptolysin O (Sigma), in reduced form, was added to the serum-free medium to give a final concentration of 50 hemolytic units/ml and cells were incubated for 0.5 hour. Afterwards, the medium was removed and the permeabilized cells were incubated with various protein fractions which have been prewarmed to room temperature, for about 5 min. The cells then were refluided with serum-free Dulbecco's Modified Eagle Medium with or without 100 /iM anisomycin (Sigma) for the indicated time before RNA harvesting. Preparation of RNA sample was performed by acid guanidinium thiocyanate-phenol-chloroform extraction method (21) .
Gel electrophoresis of RNA and hybridization
Usually 10 or 20 /ig of total RNA in each lane was separated by 1.2% formaldehyde agarose gel electrophoresis in MOPS buffer (20 mM MOPS, 5 mM sodium acetate, 1 mM EDTA), the gel was soaked in 10 X SSC for 45 min and then transfered onto nitrocellulose. RNA was immobilized by UV crosslinking and prehybridized for 6 hrs in prehybridization buffer (25 mM KPO 4 pH 7.4, 5XSSC, 5xDenhardt's solution, 50 /tg/ml salmon sperm DNA, 50% formamide). Hybridizations were performed by addition of 10% (w/v) dextran sulfate to the prehybridization buffer plus 10 6 cpm/ml nick-translated 32 Plabelled probes as indicated. After 12 to 16 hrs of incubation at 42°C, the blots were washed twice for 15 min with 1 xSSC, 0.1 % SDS at 42°C, twice with 0.25 XSSC, 0.1 % SDS and finally with 0.1 XSSC, 0.2% SDS at 55°C.
Recombinant protein expression
SRF (105-289) fragment was generated from SRF cDNA by amplification with PCR primers (GGCCTGAAGCGGAGCCTG-AGCCATATGGAG and GGAGGATCCGCTGCTGACTTA-CAT) and cloned into the Nde I and Bam HI sites of pET3c (22) . The Nde I-Bam HI fragment was excised from pET3c-SRF and recloned into pET15b (Novagen). Both plasmids encoded human SRF Met-105 to Met-289. Recombinant His-Tag SRF (105 -289) protein was purified by Ni 2+ -NTA affinity chromatography as described (23) .
Preparation and affinity purification of antibodies SRF antibody was produced by immunizing the rabbit with bacterial-expressed histidine-tagged SRF (105-289). Antisera was then further purified by binding to SRF (105-289) recombinant protein coupled to Affi-Gel 10 and eluted as described (24) .
Indirect immunofluorescence microscopy
To perform immunofluorescence microscopy, cells were treated as described above, fixed in ice-cold methanolracetone (1:1 v/v) under room temperature with gentle agitation. After then the cells were washed three times widi ice-cold PBST (1 xPBS, 0.1% BSA, 0.1 % Triton X-100). 10 /ig/ml antibodies were then added in PBST buffer at room temperature for 30 min. The cells were again washed three times with PBST buffer prior to the addition of second antibody-FITC conjugated goat anti rabbit IgG in 1:80 dilution in PBST at 4°C for 1 hour. After three times wash with PBST, the cells were mounted in 90% glycerol and observed under Nikon Microphot-FX microscope. Localization of the nucleus was counterstained by Hoechst 33258 (0.2 /tg/ml in PBST).
Preparation of nuclear extracts
Crude HeLa S3 nuclear extracts were prepared as described (25) .
Wheat germ agglutinin agarose affinity chromatography WGA-agarose was purchased from Vector Labs. Chromatography of crude nuclear proteins was basically the same as described (26) . WGA-bound glycoproteins were eluted with 0.3 M N-acetylglucosamine (Sigma) in elution buffer (25 mM HEPES pH 7.6, 100 mM KC1, 5 mM MgCl 2 , 0.4 mM EDTA, 20% glycerol, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 2 /tg/ml aprotinin, 2 /ig/ml leupeptin).
Physical permeabilization of quiescent fibroblasts
Bead-loading was performed essentially as described (7) . Glass beads (425 -600 /t) were purchased from Sigma. They were acid washed in 5N HC1, rinsed with distilled water, and then neutralized to pH 7.0 with 4N NaOH. Cells were preincubated with various protein fractions which have been prewarmed to room temperature for 5 mins. Sterilized glass beads were sprinkled gently onto the dishes and were removed immediately after adding PBS. Then cells were refluided with serum-free DMEM containing 100 /tM anisomycin (Sigma). Total RNA was harvested from adherent cells as before.
Primer extension
All RNA samples were prepared as previously described for Northern Blot analysis. The RNA pellet was air dried and then resuspended in 50 /tl hybridization buffer (40 mM PIPES 6.4, 1 mM EDTA, 0.4 M NaCl) plus 0.2% SDS and 0.1 pmole 32 Plabelled primer. Hybridization was performed at 60°C overnight. The DNA-RNA hybrids were then ethanol precipitated and dissolved in reaction buffer containing 50 mM Tris-HC1 pH 8.3, 74 mM KC1, 6 mM MgCl 2 , 1 mM dNTP mix, 10 mM DTT, 20 units RNAsin (Promega). Reaction was started by addition of 20 units of MMLV reverse transcriptase (Gibco BRL) and incubated at 42°C for two and a half hours. At the end of reaction, RNA was degraded by addition of two volumes of 0.25 N NaOH at 55°C for 30 min. The extended DNA was neutralized, phenol extracted, and ethanol precipitated before subjected to 6% denaturing polyacrylamide sequencing gel electrophoresis.
RESULTS
The c-Jbs gene is transcriptionally inactive in quiescent fibroblasts and can be rapidly induced in response to many mitogenic signals (reviewed in 27). HeLa nuclear extracts contained active transcription factors, presumably including SRF and its associated proteins, which could direct faithful initiation of transcription with c-fos DNA templates (13) (14) (15) (16) . We permeabilized quiescent NIH/3T3 fibroblasts and tested whether exogenous HeLa nuclear extracts could activate the endogenous nuclear c-fos gene. Figure 1 showed the results from such an experiment. HeLa nuclear extracts, diluted to 0.22 mg protein/ml, stimulated the accumulation of c-fos transcripts, in the absence of serum or growth factors (lane 1). Undiluted nuclear extracts did not enhance above this level Qane 2) and BSA has no effect (\ane 3). The stimulation by HeLa nuclear proteins over BSA background, at the same protein concentations, was about 7-fold. This is comparable to the stimulation in c-fos mRNA accumulation in response to serum (data not shown). Next we examined whether the active component(s) in HeLa nuclear extracts are heat-labile and N-ethyknaleimide (NEM)-sensitive. We preincubated HeLa nuclear extracts for 5 mins at temperatures from 37°C to 72°C (lanes 4 to 7). HeLa nuclear extract was partially (>70%) inactivated at 72°C (lane 7). Furthermore, the extract lost over 60% activity after treatment with sulfhydryl alkylating reagent NEM (lane 8). Therefore, the active component(s) in HeLa nuclear extracts apparently are protein-like in nature.
Since HeLa nuclear proteins could elicit dramatic activation of the c-fos gene, presumably they should enter the nucleus after plasma membrane permeabilization. To visualize such an event, we expressed in bacteria a truncated SRF protein, containing residues 105 to 289 only. This hexahistidine fusion protein was purified to homogeneity with immobilized metal ion affinity chromatography (IMAC). We loaded purified SRF (105-289) protein into SLO-permeabilized quiescent fibroblasts as before. The cellular localization of this protein was detected with specific SRF antibody. containing fractions. The former fraction was more active than the latter fraction, and the three early response genes were activated to similar extents as they were stimulated by HeLa nuclear extracts. Therefore, exogenous SRF was not required to induce nuclear early response genes. Similar results were observed by in vitro transcription of DNA templates (16) . We also deleted part of the c-fos promoter, leaving the SRE intact; this promoter could be activated by HeLa nuclear extracts and SRF-depleted WGA-agarose unbound fractions. Although we have not further purified the active component(s) in the WGAagarose unbound fraction or deleted the c-fos promoter ATF/CREB and NFl-tike binding sites (16, 35) , the SRF-depleted fraction contained Ternary Complex Factor (TCF), a SRF accessory factor which could form ternary complex in the presence of SRF. TCF is likely encoded by the efs-related gene elk-l (36) and its serum-inducible transactivation domain contained MAP kinase phosphorylation sites (37) . Therefore, our results are consistent with the hypothesis that the ability of SRFdepleted nuclear extracts to stimulate the c-fos promoter could be due to active TCF or MAP kinase (38) . Most methods for introducing proteins into cultured animal cells have inherent limitations (39) . Membrane vesicle-mediated protein transfer may be the preferred method for membrane proteins. Bead-loading was considered a better physical method than scrape-loading, but neither has gained wide acceptance because very few cell types were amenable to mechanical perturbations. Needle microinjection is still the most popular method but requires specialized equipment and skilled operator. Since the number of cells that can be injected is small, analysis of injected cells is limited to indirect immunofluorescence or immuno-cytochemical staining. Two new methods have appeared in the last few years: electroporation and SLO permeabilization. Both methods were used to introduce restriction endonuclease into cells (8, 9) , and the drawbacks of electroporation were, firstly, the immediate lysis of a large fraction of the cell population and, secondly, adherent cells have to be detached before electroporation. By comparison, the SLO method is exceptionally simple and easy to perform, can be applied to many cell types with minimal modifications, and loads a high proportion (about 90%) of NIH/3T3 fibroblasts with over 80% of them able to survived the procedure. If the limitation of protein material is not a problem, large number of cells can be treated at the same time and be subjected to analyses at a biochemical and molecular level as described in our results section.
It is becoming increasingly clear that nucleosome structure is integrally involved in gene regulation (19, 40) . The most widely accepted method for in vivo analysis is DNA transfection. Transfected and endogenous genes presumably are packaged in similar chromatin environments. However, three major problems exist in either constitutive or inducible expression of a transfected transcription factor cDNA. Firsdy, direct and indirect effects on target genes often cannot be distinguished. Secondly, overexpression of one component of a rate-limiting multi-component complex may not be sufficient to activate downstream events as well as the complete functional complex. Thirdly, overexpression of some proteins, even transiently, may be toxic to the cell.
An alternative approach is in vitro transcription on assembled chromatin templates. However, in most cases, the limited characterization of the templates with regard to nucleosome positioning and identity of non-histone proteins allow alternative interpretations. Furthermore, the use of crude assembly and transcription systems from Xenopus or Drosophila may not be able to fully reconstruct the nucleosome architecture of specific mammalian cell types. Therefore, it is not clear whether observations from in vitro experiments correspond to in vivo processes. There is a void for a native chromatin system in which exogenous proteins can regulate transcription. Coir SLO system may fill this need. The native chromatin configuration should be preserved under mild conditions during SLO-permeabilization. To demonstrate direct action of exogenous protein(s), cells could be treated with protein synthesis inhibitor. Multi-component transcriptional complex can be purified by monitoring functional DNA binding ability before testing it for functional transactivation ability in SLO permeabilized cells. Factors known to be involved in the transcription control process of interest can be produced as recombinant proteins in E.coli, yeast, insect, or mammalian cells. With the use of affinity tags, fusion proteins can be purified with ease, often by only a single chromatographic step (41) . Mutations, either site-directed, deletions, or domain-swaps, can be generated and tested in parallel by DNA transfection in vivo. To complement the above trans-acting factor analysis, stable cell lines harboring various combination of wildtype and mutant cisacting motifs can be generated as recipients of total nuclear proteins or purified factors.
In summary, we have developed a permeabilized cell in vitro transcription system. This system can now be used to study transcriptional regulation on chromatin templates in vitro as well as the biochemical functions of specific transcription factors or signal transduction effectors.
